This study was designed to determine whether plasma CXCL12 levels in postmenopausal osteoporosis (PMOP) patients are related to disease severity. A total of 91 PMOP females were recruited, and 88 postmenopausal non-osteoporotic (PMNOP) women and 90 healthy females were incorporated as controls. Dual-energy X-ray absorptiometry was utilised to explore bone-mineral density (BMD). The Genant semi-quantitative grading scale was used for vertebral fractures, and plasma CXCL12/SDF-1 levels were investigated by ELISA. Plasma TNF-a and C-telopeptide cross-linked collagen type 1 (CTX-1) were also tested. The Oswestry Disability Index (ODI) and a visual analogue scale (VAS) were completed in order to assess clinical severity. Plasma CXCL12 levels were considerably elevated in PMOP females compared to PMNOP women and healthy controls. Plasma CXCL12 concentrations were positively correlated with the Genant grading system. We observed significant and negative correlations of plasma CXCL12 levels with lumbar spine, femoral neck and total hip BMD. Moreover, plasma CXCL12 concentrations were positively correlated to VAS and ODI, as well as plasma TNF-a and CTX-1 levels. In conclusion, elevated plasma CXCL12 levels are correlated with disease severity in PMOP females.
Introduction
Osteoporosis (OP) is a metabolic bone disorder described as low bone mass along with disturbance in bone microarchitecture, which causes augmented frequency of fractures as well as increasing the fragility of bones. 1 As per the most recent International Osteoporosis Foundation report, 2 compared to the 158 million cases in 2010, the number of osteoporotic patients (aged >50 yr) will double globally by 2040. Compared to the rest of the population, postmenopausal females are more susceptible to OP, partially because of the lack of estrogen and quick loss of calcium, which leads to extreme bone resorption. 3, 4 Currently, a diagnosis of OP is confirmed by complaints of increased back pain and functional impairment, sometimes with a sudden fracture and decreased bone-mineral density (BMD) determined by dual-energy X-ray absorptiometry (DXA). 5 Even though DXA is regarded as the standard approach to diagnose OP, there are multiple limitations in predicting the risk of fracture. 6 In addition, since OP starts long before the DXA can detect the disease, irreversible loss of bone volume has often already occurred by the time DXA diagnosis is established. Therefore, the search for markers with higher sensitivity is crucial and will have many benefits for assessing and treating OP patients, especially at the initial stages.
Chemokines play vital roles in the accumulation of leucocytes at the location of inflammation. 7 Chemokines are categorised into C, CC, CXC and CX3C subfamilies, depending on the conserved cysteine motifs. 8 Different families are involved in bone remodeling of chemokines, especially CC and CXC. 8 In many inflammatory bone diseases, leucocyte recruitment driven by chemokines represents a momentous event in inflammation and bone metabolism. The leucocytes could generate bone resorptive factors, for example IL-I and TNF-a, further leading to a circuit of bone damage. 9, 10 Chemokines could also induce peripheral osteoclast progenitors (OCPs) to contribute to osteoresorption, homing of OCPs and their differentiation into mature osteoclasts. 11 CXCL12 belongs to the subfamily of CXC chemokines, also known as as stromal cell-derived factor 1 (SDF-1). CXCL12 is illustrated by two conserved NH2-terminal cysteines and becomes intrinsically expressed by murine and human bone-marrow stromal cells, for example perivascular, endothelial and endosteal bone lining stromal cells in the stem-cell niche, and was also reported to be expressed by osteoclasts. 12 CXCL12 acts as a local paracrine signalling factor and long-distance chemokine to assist in mobilising and targeting immune response and reparative cells to areas of injury and inflammation. 13 The role of CXCL12 in regulating bone resorption and osteoclastic activity has been widely studied. 14 During osteoclast differentiation, the expression of CXCL12 and its receptor CXCR4 increase, indicating an autocrine/paracrine mechanism of action of CXCL12 throughout the osteoclast differentiation process. 15 CXCL12 has been related with pathological bone loss in many diseases, including osteoarthritis and rheumatoid arthritis. 16, 17 It has been also reported that higher levels of CXCL12 are correlated with lower total hip BMD. 18 Furthermore, in a recent study, osteoclast protein levels and CXCL12 mRNA isolated from femoral cancellous bone of the OP group were suggestively greater than those in the control group. 19 In another recent study, Shima found that LPSinduced osteoclastogenesis and bone resorption are enhanced by CXCL12 in vivo. 20 All previous studies have indicated that CXCL12/ SDF-1 might make a difference in the advancement of postmenopausal osteoporosis (PMOP). However, none of these studies have explored the correlation of CXCL12/SDF-1 levels with the progression of PMOP in patients. Therefore, the current study was carried out to investigate whether CXCL12/SDF-1 levels are raised in PMOP, as well as the relationship between plasma CXCL12/SDF-1 concentration and disease severity in PMOP females.
Patients and methods

Study patients
A total of consecutive 91 patients with PMOP were involved in this cross-sectional study. They were enrolled at our hospital between December 2017 and December 2018. Diagnosis of OP was confirmed as per the criteria of the World Health Organization. 21 The inclusion criteria were: postmenopausal female patients who had been menopausal for >3 yr because of natural menopause, were capable of independent activities and were aged 45-80 yr. Participants also had a T score of -2.5 or lower for BMD at the lumbar spine or total hip, or had À2.5 < T score < À1.0 for BMD at the lumbar spine or total hip. Participants with secondary OP, osteoarthritis, asthma, rheumatoid arthritis, amyotrophic lateral sclerosis or other diseases, including malabsorption syndrome, inflammatory bowel disease, chronic liver disease or cirrhosis of the liver, were excluded, as these conditions could affect bone metabolism. Moreover, 88 age-matched postmenopausal non-osteoporotic (PMNOP) women and 90 healthy women of childbearing age were enrolled as controls. The ethics committee of our hospital approved the present study. All participants were aware of the study design and provided written informed consent.
Laboratory tests
Fasting venous blood was obtained from all participants at 8:00 a.m. following an overnight (>12 h) fast. A 30 ml peripheral blood sample was acquired from the side-arm of the sheath and anti-coagulated with sodium EDTA in vacutainer tubes on ice. Dipeptidyl peptidase-4 (DPP4) inhibitor (100 mM) Sitagliptin (SG; extracted from Januvia in our hospital) and 1Â protease inhibitors (SIGMAFAST TM Protease Inhibitor Cocktail; Sigma-Aldrich, St Louis, MO) were added to avoid CXCL12 loss, as published previously. 22 The samples were then quickly centrifuged using the two-stage method to avoid glycolysis at 4 C and 1600 g for 10 min first, and then the supernatant was extracted for further centrifugation at 4 C and 12,000 g for another 10 min. All plasma samples were preserved at À80 C prior to the investigation. The CXCL12 levels of patients and controls were blindly evaluated concurrently by using a quantitative sandwich ELISA kit (Quantikine; R&D Systems, Minneapolis, MN; cat. no. DSA00). Concisely, standards of recombinant human CXCL12 and plasma samples were added to 96-well microtiter plates pre-coated with rabbit polyclonal Ab against CXCL12 and incubated for 1 h at room temperature (RT; 25 C). Next, the wells were rinsed seven times with washing buffer and incubated for 30 min at 4 C with a HRP-labelled mouse mAb. After nine washes, substrate solution was added to each well, and the plate was incubated for 30 min at RT in the dark. Stop solution was added to stop the reaction. The absorbance was detected at 450 nm by an automated microtiter plate reader. The CXCL12 concentrations were computed using the standard curve. The inter-and intra-assay coefficients of variation for CXCL12 were 4.5-6.1% and 4.9-6.7%, respectively. The detection range was 156.0-10,000 pg/ml. In addition, other biomarkers such as inflammation factor TNF-a (R&D Systems) and bone resorption marker CTX-I were also tested. The inter-and intra-assay coefficients of TNF-a were 5.5% and 8.8%, respectively, whereas for CTX-1, the coefficients were 4.6% and 7.3%, respectively. All samples were tested at least three times.
BMD assessment
BMD (g/cm 2 ) was evaluated by DXA (Hologic QDR-2000; Hologic Corp., Marlborough, MA). BMD at the lumbar spine (L1-L4), total hip and femoral neck of all participants was determined. To minimise interobserver variations, all scans and analyses were performed by the same experienced physician.
Genant semi-quantitative grading scale for vertebral fractures
Lateral computed tomography (CT) scout views were used to identify vertebral fractures measured using the Genant semi-quantitative grading scale. 23 Lumbar vertebrae from L1 to L4 were graded on visual examination and without direct vertebral measurement as normal (grade 0), mildly deformed (grade 1: decrease of 20-25% of height and 10-20% of projected vertebral area), moderately deformed (grade 2: decrease of 26-40% of height and 21-40% of projected vertebral area) and severely deformed (grade 3: decrease of >40% of height and projected vertebral area). In the present study, the enrolled patients were identified as vertebral fracture with a Genant grade !1. The evaluation of results was read by two experienced radiologists in our hospital. The j-value was calculated to examine the consistency of the reading results.
Definition of symptomatic severity
The visual analogue scale (VAS) and Oswestry Disability Index (ODI) scores were recorded in order to assess the clinical severity in PMOP women. The VAS is a line 10 cm long marked with two lines anchoring each end of the scale. Patients were requested to put a mark on the scale based on the severity of their pain, where 0 cm was considered 'no pain' and 10 cm represented 'pain as bad as it could be'. 24 The ODI consists of 10 items on the degree of severity to which back (or leg) trouble had disturbed the capability to accomplish day-to-day living. 25 The 10 sections covered pain and daily function (comprising pain intensity, personal hygiene, lifting, walking, sitting, standing, sleeping, sexual activity, social activity and travelling). Each item was graded on a six-point scale (0-5); a higher score indicated a greater level of disability.
Statistical analysis
GraphPad Prism v6.0 (GraphPad Software, Inc., San Diego, CA) was utilised for analysis. The Kolmogorov Smirnov test was utilised to assess the distribution of the quantitative data. Student's t-test or Mann-Whitney Utest was used for comparisons between two groups. Oneway ANOVA or Kruskal-Wallis tests was utilised for three or more groups, followed by Tukey or Tamhan post hoc analysis. Continuous data are presented as the mean AE SD. Categorical data are presented as the frequency and percentage. For normally distributed data, Pearson's correlation coefficient was computed, and for distribution-free data, Spearman's coefficient was computed. P-Values of < 0.05 signified statistical significance.
Statistical power analysis
The post hoc statistic power (1-b) was calculated using Power Analysis and Sample Size (PASS) 2008 Statistical Software (Kaysville, UT), determined by the obtained data of different mean CXCL12 concentrations, standard error and enrolled numbers of patients in each group. Statistical power was regarded as good at >0.8. The formula is given below:
Results
Basic data
Statistical power was calculated to be 0.99. The basic features of all the enrolled patients are summarised in Table 1 . There were no substantial changes with regards to age and years of menopause between the PMOP group and the PMNOP group. The mean body mass index (BMI) did not reach significance among the three groups. Plasma CXCL12 levels were suggestively greater in PMOP patients than in PMNOP women (701.3 AE 85.6 pg/ml vs. 338.9 AE 39.7 pg/ml, P < 0.001) and healthy controls (701.3 AE 85.6 pg/ml vs. 326.7 AE 39.4 pg/ml, P < 0.001; Figure 1a ). No substantial difference was recorded between PMNOP and healthy controls (338.9 AE 39.7 pg/ml vs. 329.0 AE 39.5 pg/ml, P ¼ 0.097; Figure 1a ).
Comparison of plasma CXCL12 levels between vertebral fracture group and non-fracture group
After examination, 61 patients were confirmed to have had vertebral fractures, with a j-value of 0.91. Plasma CXCL12 levels were significantly greater in the lumbar vertebral fracture group compared to non-fracture in PMOP patients (731.3 AE 77.5 pg/ml vs. 640.3 AE 67.7 pg/ ml, P < 0.001; Figure 1b ). According to the Figure 2a ). Plasma CXCL12 concentrations were positively associated with Genant grade (r ¼ 0.521; Figure 2b ).
Correlation of plasma CXCL12 levels and BMDs
As depicted in Table 2 , BMD at the femoral neck, total hip and lumbar spine (L1-L4) in PMOP was substantially lower compared to PMNOP women and controls. Furthermore, to examine the influence of CXCL12 on BMD, we inspected the association of plasma CXCL12 levels with BMD. On the basis of the correlation analysis, CXCL12 demonstrated a significant negative association with BMD at the femoral neck (r ¼ -0.430; Figure 3a ), total hip (r ¼ -0.488; Figure 3b ) and lumbar spine (L1-L4; r¼À0.403; Figure 3c ).
Correlation of plasma CXCL12 levels and clinical severity
To explore further whether CXCL12 was related to symptomatic severity in PMOP patients, we examined the associations among plasma CXCL12 levels and VAS together with ODI. Interestingly, we found that plasma CXCL12 levels were positively correlated to clinical severity established by VAS (r ¼ 0.465; Figure 4a ) and ODI (r ¼ 0.407; Figure 4b ).
Correlation of plasma CXCL12 levels and biochemical indices
We ultimately explored the association of plasma CXCL12 concentrations with CTX-1 and TNF-a. We observed that plasma CXCL12 levels were positively related with plasma CTX-1 (r ¼ 0.397; Figure 5a ) and TNF-a concentrations (r ¼ 0.349; Figure 5b ).
Discussion
In this study, we explored whether plasma CXCL12 is involved in the progression of primary PMOP. We established for the first time that plasma CXCL12 levels were negatively related to BMD at the lumbar spine (L1-L4), total hip and femoral neck in PMOP females. Elevated plasma CXCL12 levels were also correlated to severity established by VAS and ODI. In addition, increased CXCL12 levels were also positively associated with inflammatory marker TNF-a and bone resorption factor CTX-1. All the correlations continued to be significant after being adjusted for age and BMI (Table 3 ). These findings imply that increased plasma expression of CXCL12 may reflect disease severity and may act as a candidate marker in PMOP. The interface of the immune and skeletal systems has suggested that there is a relationship between the two. Dysregulation of the immune system is associated with the beginning of various inflammatory autoimmune disorders, which cause antagonistic effects on bone integrity. 26 Past decades have witnessed that OP is not simply an endocrine condition connected with decreased bone volume; but rather is much broader, with a substantial impact on the immune response. 27 As one of the most important inflammatory factor families, chemokines are known to have important roles in osteoclast development and function. 9, 11 CXCL12 is the most widely studied CXC chemokine and has been related to osteoclast progenitor cell survival, differentiation, fusion and function. 28 We first found that plasma CXCL12 levels were dramatically elevated in PMOP females compared to controls and were significantly related to decreased BMD and morbidity of vertebral fracture, indicating higher systemic CXCL12 levels may correlate with more global bone volume reduction. A previous study by Carbone et al. observed that circulating CXCL12 levels were negatively related with total hip and femoral neck BMD in an older adult cohort's cardiovascular health study. However, a significant correlation with lumbar BMD could not be found. 18 This disparity may be attributed to racial and sex differences. We also found CXCL12 levels were also positively related to the expression of TNF-a and CTX-1. TNF-a has been documented to prompt osteoclastogenesis in vitro 29 and in vivo, 30 and is regarded as a key factor in the progression of OP. In one study, CXCL12 was found to induce bone resorption via inflammatory factor, including TNF-a, and to promote the differentiation and activation of osteoclasts during collageninduced arthritis. 31 CTX-1 is a sensitive biochemical marker of bone turnover, and serum CTX reveals the rise of bone resorption in subjects with vertebral and hip fractures. 32 Although processes of musculoskeletal pain in OP remain inadequately understood, osteoclast activity and peripheral and central sensitisation have been identified as several factors that lead to OP pain. 33 In OP patients, high bone resorption results in pathological alterations of bone sensory nerve fibres, with an overexpression of nociceptors induced by low pH levels because of osteoclastic activity. 34, 35 Central sensitisation appears to have an essential involvement in developing and preserving chronicity of post-fracture pain in OP. 36 The widespread release of inflammatory mediators, including IL-6 and TNF-a, leads to stimulation of glia that is inclined to self-renew and causes extreme activation of the spinal cord grey matter, resulting in sensory disruptions representative of neurological impairment. 33 In our study, we found that increased plasma CXCL12 levels were strongly related to pain and functional ability defined by VAS and ODI. The CXCL12/CXCR4 axis is broadly dispersed on nociceptive structures in the peripheral nervous system and the CNS. 37 Recently, studies have identified its crucial role in the advancement and continuance of pathological pain. Both neuronal and glial mechanisms have been involved in this CXCL12/CXCR4 axis-mediated pain processing. 37 In a rat model of bone tumour pain, astrocytic mechanisms for the participation of the CXCL12/CXCR4 axis in tumor pain processing were illustrated. 38 Shen et al. established that CXCL12 and CXCR4 were time-dependently augmented not only in the DRG of BCP rats but also in the spinal cord. 38 In rat monoiodoacetate-induced OA, the effect of celastrol on pain relief was identified via suppression of the CXCL12/CXCR4 pathway. 39 The current study has numerous probable limitations. First, it was carried out with a sample of Chinese postmenopausal females from our hospital, and the sample size was not sufficient enough to obtain definitive conclusions. Additional multicentre studies with larger sample size are necessary. Second, although we found that serum CXCL12 levels were significantly correlated with pain, the CXCL12 levels we tested were plasma levels of 'total' CXCL12 isoforms, which will not conclude decisively that higher CXCL12 levels may induce more pain. Third, the current study was cross-sectional in design, and the contributory relations need to be validated by longitudinal studies. Fourth, the levels of CXCL12 were only tested at the beginning. Considering no serial measurements of the circulating CXCL12 levels were taken, the current study did not generate data with regards to at what time and for how long biomarkers were raised in the patients. Furthermore, no other chemokines were tested that may also contribute to bone loss in PMOP patients. Lastly, we did not examine whether medication could change the CXCL12 levels in PMOP patients. 
